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* Outline

* |ntroduction
* Theme: communication between communities

* A high level tour of science topics with various personal biases and a
few random asides
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Theme: Communicating between Communities

This conference brings together people for multiple communities:
Accelerator-based dark matter detection
Direct dark matter detection
High-Energy Astronomy / Astrophysics
Cosmology
Neutrinos
Particle Theory / phenomenology
Black holes & gravitation

We all had to take a step back and focus on things that will be of
interest to people outside our specific communities

| hope this talk follows in that spirit, i.e., I'm not going to be saying a
lot about nano-Bq / kg, pseudo-rapidity cuts, or y-ray telescope
instrument response functions
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Topics Covered

« Dark matter theory
 Searches
» Accelerator Based Searches
» Direct detection
* Indirect detection
 Cosmology & Astrophysical Dark Matter



THEORY
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What do we know about dark matter

Because the existence of DM is Belyaev
the strongest evidence for BSM!

Galactic rotation curves

What do we know about DM? - . | CMB: WMAP and PLANCK

Makes up 23% of the universe 1 i _ 3 Large Scale Structures

Has attractive gravitational interactions (like ordinary matter but is non-baryonic)

Is either stable or has a lifetime > ty.

Is not observed to interact with light (weakly coupled, neutral or “milli-charged”,
M33 rotation curve

as non-relativistic at time of CMB (Cold or Warm possibl= f"‘/’f"‘"“f for all the laras

structure observations, hence New physics BSM neede . L 2 .. 2 d
~Evidence for Dark Matter
What is it? gt =
Which are its det: » wes.ig
Does it have Higg RO

Tsun

How to search for ° Spherical dark matter halo

J

'd collider interplay in decoding the nature of DM
v (km/s) 5
- - . - .
- Farge distortion of the images of distant
galaxies due to gravitation lensing
P— : - indication of DM in galaxy clusters
irom - Y ) ¥ - e
" luminous disk

0 Rieg -

M33 rotation curve

Mar‘tlnez s Sk A 'M'attetsince this-doés not ir‘vélv_e'

‘Newton’s Law

There is overwhelming evidence that 1) dark matter exists, and 2) it is not
made of baryons.
Beyond that, we don’t know much about the particle nature of dark matter




\!ﬂ '\!ﬁ '\!ﬁ
4 4 T

Direct, Indirect, Accelerator-based DM Searches

Martinez, Gomez-Ceballos,
Dorigo, Royon, Wei, Kitali,

\ Williams
. . y2 Collider Searches
Direct Detection

The XENON legacy

XENON10 XENON100 XENON1T XENONNT
2005-2007 2008-2016 2012-2018 2019-2023
1 P SM DM
- PN
A 0 LATTTT

—_—

25 kg 161 kg 32ton 8ton
15cm drift 30 cm drift 1 m drift 1.5 m drift
043cm? ~1045cm? m: '8 oy’
BG~1000 (keV t ) BG~5 (keV ty)! BG~0.2 (keVty)!  BG~0.02 (keVty)!

Belayaev, D’Angelo, Messina

Gerbier, Kouvaris, Chevalier

Dark Matter Search: Targets and Strategies

K e h o s My e Morselli, Vincent,
ey point: if you have a | T gm—— Humensky, Charles,
theory of the particle interactions ‘ : Gormez-Vargas, Aguilar
you can predict the rates for all of
these processes, and translate

results between communities.

Indirect detection

Spectral Lines
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Dark Matter Parameter space: lamppost physics

Dark Matter Parameter Space
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Gerbier, everyone

Q.bal
o [

neutrinos  WIMPs:

neutralino
KK photon
branon__ ¢

& Black Hole Remnant

axion
SuperWIMPs :

e H
) 561 1 4
e ————

i » 37 -l 3 " s LM v . ) . ) » [N " .
|c|'|n | DO (1 [ e (1) |nl|(n 0 W 10' 0 1w l(n. o 1w |u'

mass (GeV)
Jonathan Feng UC Irvine

K Palladino

This figure showed up in several talks. Interestingly, it was typically
followed by an explanation of why the speaker was going to focus on
WIMPs (or in a few cases, axions or primordial black holes).

Kouvaris, Chevalier, Williams

Garcia-Bellido, Vidotto
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* What types of theories are we looking at?

Particle physics properties constrains the range of possible masses

must be bosonic must be composite

-—

mpj Black Holes
102" eV« '

> ~ 100Mo

1
~ 100 eV ~ 10" GeV

Carena

The WIMP Miracle

mDM | z Taking x;~10 and(ov) ~a*/m?, the fraction of critical
nonthermal nonthermal density contributed by the DM today is

mpt ~ 10 GeV B \ ; Qyh>~(102°cm’/s)/<ov> = 0.1 (0.01/a)? (m/100 GeV)?

=> correct abundance today as measured by Planck

Thermal Equllibrium: i L ° and WMAP, for a.~0.01 and m ~ 100 GeV

£ the “WIMP miracle”
Narrows viable Mass range < MeV Weak-scale DM naturally gives the correct DM density

Neff / BBN too much Many well-motivated BSM models contain a parity symmetry
SM->SM BSM - -BSM

Light DM '

Hidden Sector . . . .
Lightest Parity Odd Particle is stable, may be a DM candidate

Always produced in pairs and leaves detector as MET
A wide-ranging of experimental programs targeted for WIMP searches

“Good news: Most discoverable DM candidates are in Thermal equilibrium with
us in the early universe” - Marcela Carena
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Aside: Dark Matter as a Thermal Relic

1. For the first 0.1 ns of the
Universe it is hot enough to
produce exotic particles.

/ t (ns)
1 10 100 1000

lllll LI} I T I l
my= 100 GeV
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Aside: Dark Matter as a Thermal Relic

1. For the first 0.1 ns of the 2. After about 0.1 ns, the
Universe it is hot enough to _| Universe has cooled enough that
produce exotic particles _.=-~" | exotic particles are no longer
/ t (ns) _---" produced, but can annihilate.
1 10_ . -~100 1000 ¢
i DA R I 10
10—4 £ my= 100 GeV 106
10~6
1078
Py




1. For the first 0.1 ns of the
Universe it is hot enough to
produce exotic particles.

t (ns) _---
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Aside: Dark Matter as a Thermal Relic

2. After about 0.1 ns, the
Universe has cooled enough that
exotic particles are no longer
produced, but can annihilate.

3. For about 10 ns, the
density is so high that almost
all the exotic particles do
annihilate.




1. For the first 0.1 ns of the
Universe it is hot enough to
produce exotic particles.

-

t (ns) _---
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Aside: Dark Matter as a Thermal Relic

2. After about 0.1 ns, the
Universe has cooled enough that

- exotic particles are no longer

produced, but can annihilate.

3. For about 10 ns, the
density is so high that almost
all the exotic particles do
annihilate.

4. Only about 1 in 100 Billion
| of the exotic particles survive,
these account for all the dark
matter that exists today.




1. For the first 0.1 ns of the
Universe it is hot enough to
produce exotic particles.
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Aside: Dark Matter as a Thermal Relic

2. After about 0.1 ns, the
Universe has cooled enough that

- exotic particles are no longer

produced, but can annihilate.

3. For about 10 ns, the
density is so high that almost
all the exotic particles do
annihilate.

4. Only about 1 in 100 Billion
| of the exotic particles survive,
these account for all the dark
matter that exists today.

5. The surviving fraction depends critically on the annihilation cross section (i.e.,
probability): small differences would yield very different dark matter densities today.




\!ﬁ '\!ﬁ '\'ﬁ
4 4 T

Mapping EFT operators to simplified models

Scalar

DM Theory Space is Vast and Diverse

Belayaev, Carena, LHC talks

1, b 1, it 8 mediato’r,’ Som
C5C5A 150 oG G A >e =
B0
1 §—>—1—— xou g Som
DI1T-D4AT EXQQX —> 5 | Scalar
| mediator g Veotor ¢
§ ——l—— 01t Wr e
cs 7 et A
Scalar XD,
D1-D4, D5-D8 /\z\/ XQVud AQ T XXaq W }edla'to<
’ XDbM
c1 ! — 0" pgqP = —o ?qq e .’
AZ° A% > e
o s
q ™ Spu
L g
D9,D10 A2 XX — _[ 99X - 3 (\\rm+ \" Xa7°q +
X XTV6q — XV XT1u°e ) ]
Alexander Belyaev NE>T DD and collider interplay in decoding the nature of DM 57
Belayaev

Less complete

Dark Matter
Effective Field Theories

Contact
Interactions

“Sketches of models”

Complete

Models

Supersymmetric
Standard Model

Dark Matter

More
complete

Minimal

Universal
Extra
Dimensions

Key point: theory space is huge, some amount of simplification &
organization is needed to approach the problem in a sensible fashion




DIRECT DETECTION
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Direct detection techniques

Ge

Direct Detection Techniques

17

Gebier, Belayaev

WIMP Elastic nuclear scattering

+ 2 20 % energy

Liquid Xe, Ar,Ne_

Nal, Xe

- usually fast

ew % detected energy

Ge, Si

Al,O,, LiF
* 2 100% detected energy
- relatively slow

* requires cryogenic detectors
@20 mK temperature

+ => bolometers

CaWO,, BGO, Al203

\

* no surface effects ? CRESST

+ metastable media, gaz...

G.Gerbier

2nd World Summit - Physics - San Cristobal 06-2006
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DM Scattering Produces Heat, Light & lons

Masbou, EDU 2017

Direct Detection Techniques

Recontres de Viet Nam

CUORE, COUPP, PICASSO, PICO
TeO,, Al,Os, LiF, C;F,

Discrimination is crucial!

« Use technology
detecting two signals

« Or if one single signal, Phonons/Heat
it should provide 10 meV/ph
significant 100% energy

discrimination

CRESST  ["CawO4, BGO |

ROSEBUD /¥ -Ge ' Ge,Si | SuperCDMS
( P EDELWEISS
Xe,Ar; Ne ’ ‘ | |
Nal _ |« Scintillation m 9n|zat|on » | Ge, CS2, CF4
~1 keV/! ~10 eV/e CoGeNT
DEAP-3600 LUX
CLEAN few % energy 20% energy CDEX
XMASS XENON Malbek
DAMA, KIMS PandaX B'mlpi
DM-Ice ArDM
SABRE DarkSide DRIFT

Darwin

Representative experiments,

from Carmen Carmona

not meant to be completed

Julien Masbou, EDU 2017, Quy Nhon, 25th July 2017

18



'\!ﬁ ’\!ﬂ '\'ﬁ
1 A T

* One slide summary of Direct Detection Status

Now : actual results (RPP/PDG, Dark Matter review 2018) Gebier
107° 3 1
1077 B\~ <l 107
i SN S i
S \2 107 -
g 10—40 MSI ) \ m e = ]04 %
210" I Threshold A Cm;m il 1072
é 107 matters X R MS (2014) ]06 g
§‘°: é Spin dependent couplings
g0 . R
Q-; 107 10 \
§10 :j > 1 10 |\ =
510 s+ % 1
48 Mass * time l P % : i ]
10 a — -
10 matters _ ) 3
-IO SO 11 Ill 1 1 1 1 1 1 lll 1 1 1 =l = LY II 1 1 1 el B A 1 '§‘ E E|
5x107" 1 2 3456 10 20 30 107 2x10? 0% £
WIMP Mass [GeV] | Eow
Spin independent couplings Z wll ]
é 107k \
E.A. Bagnaschi et al., Eur. Phys. J. C75, 500 (2015). m_m- Q ,,,,,,,,, ]
CMSSM, NUHM1, NUHM2, pMSSM10 g ‘ ]

Direct detection of WIMPs: > 10 GeV focus is on making larger volumes
with low backgrounds, < few GeV focus is on lowering effective thresold

Also, cottage industry in understanding the DAMA/Libra results

19



High-mass DM, Xenon 1T Results

XENON10
2005-2007

25 kg
15cm drift
~103cm2

BG~1000 (keV ty)"!

The XENON legacy

XENON100
2008-2016

161 kg
30 cm drift
~1045cm?

BG~5 (keV ty)"!

XENON1T
2012-2018

3.2ton
1 m drift
~1047 cm2
BG~0.2 (keV ty)!

Dark Matter Search Results
o Results interpreted with un-binned profile likelihood analysis in ¢s1, ¢s2, R, z
XENONNT
2019-2023 space
e piechart indicate the relative PDF from the best fit of 200 GeV/c2 WIMPs with a
cross-section of 4.4x10-47 cm2
WER o Sufce ® Neuton WIAC EWIMP o Ra[Dcm] w0
8000 T T
4000 D
20005 75 ‘ ;
ar atter ocearcClz 1.
& 1000 En e
8 ton @ / 7 LN
1.5m drift a0l " - - A
~1048 cm2 %\“ ) . -\ ) o
BG~0.02 (keV t y)! . 5750 I O [ &
7 S -
_ I L 1 | I L
)3 10 3 40 5 6 70 500 1000 1500
¢S1 [PE] R? [cm?]

WIMP-nucleon og; [cm?]

10_43 TTT] T T T rrrr T LI B R |
3
£
1074\ 3
: 10—1|||| 1 Lol 1 L1 1 1111
45 10! 10?
107 WIMP mass [GeV/c?]
B T
- Lok @
10740}
10_47F| al 1 1 L1 a3 aal
10! 10

WIMP mass [GeV/c?]

Minimum at 4.1x10-47 cm2 for a WIMP of 30 GeV/c2

24

Most stringent 90% CL
upper limit on WIMP-
nucleon cross section

above 6 GeV Messina

Factor of 7 more
sensitivity compared to
previous experiments

~ 1sigma upper
fluctuation from median
sensitivity

20
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Low mass WIMPs, pushing down the threshold, 21
reducing background

Spherical gas detectors Low mass 7. R = =1 Kouvaris
New E With S G N NG .
el NG L e DAMASCUS: Dark Matter on
g s
§iov | I N
o region Verd — | PR - Supercomputers
E=A/R? Lol ] N
i * | \ RN Performing a simulation of trillions of DM particles on ABACUS
g SR : ;('n —1 « fully parallelized code
e tassicet) « publicly available
+ Sphere cavity + spherical sensor + HT N Ac37 energy spectrum « state-of-the-art composition and density profiles of the Earth
r, ' =>Low threshold (low C), does not depend on size ¥ £ * Precise Recoil Spectrum

» Track/point like identification ik = L - ry of experiments

» Fiducial volume selection by risetime é 30 eV threshold N Spin dependent 1 usive Dark Matter

+ Flexible (P, gaz) o Single electron O

+ Large mass / large volume (30 kg) with single channel o WimP

w L Gomauns | 1 low activity 60 cm O in operation @ LSM £ FrADM2018 /
+ Project of 140 cm at SNOLAB R N v ° Addltlonal PlCO 60 analyses
In SNOLAB mid 2019 5% forthcomln B
P ) 10 labs Europe NA, Queen’s team here = g

PICO 40L coming online this
summer (2018) with CaFg target | o
and inverted vessel TR
* PICO 500 scheduled to begin LY
construction in 2019

iy R
TV | k

wE il
1072x10°" 1 2345 10 20
WIMP Mass (GeV]

LLLLLL

Many developments in searching for low mass WIMPs:
New target materials
Using modulation signals to reduce noise
Directional direction
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Reproducing the DAMA / LIBRA results

..and now including DAMA/LIBRA-Phase2

1-6 keV
DAMA/LIBRA-phasd2 ~250 kg (1.13 tonxyr)

Residuals (cpd/kg/keV)

Sadll 3 arXiv:1805.10486
E P : A "L " L A ded " " : L J

)
SABRE Sensitivity

Model-independent approach: 50k toy-MC data sets with/

Exposure: 2.46 ton x yr without signal yield 66/5c power to verify/refute the claim
x2/ndf = 150/52 (Ph2-only 1-6keV); 199/102 (Ph1+Ph2 2-6keV) at 90% C.L.

12.90 significance

(0.999+0.001) year period

Phase is (145+5) days vs. Exp. DM phase 152.5 days
Amplitude: (0.0103+0.0008) cdp/kg/keV, i.e. ™~ 1% of the experimental rate. Exposure: 50 kg x 3 yr :
Background: 0.22 cpd/kg/keV |
Quenching: Xu et al. PR C92
(2015) 015807.

Systematics: quenching,

Time (day)

20 annual cycles (DAMA/Nal + DAMA/LIBRA-Phasel + DAMA/LIBRA-Phase?)

Classic sensitivity curve to S| WIMP-nucleon interaction

[ Sensitivity (90% C.L) + 1o
[ Sensitivity (90% C.L) + 20
—— DAMA 3g, 50

*  DAMA best FIT

— T T T T T
\ — Sensitivity (90% C.L.)

g

EDSU 2018 D. D'Angelo - DM Modulation 9

resolution, efficiency,

" A
[T VAT LTI LT

background
DAMA islands: Phasel only

EDSU 2018 D. D'Angelo - DM Modulation

Several experiments coming online to attempt to reproduce DAMA / Libra
result as closely as possible. Approaching required sensitivity.

22
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Direct Detection of Axions / Ultra Light Dark 23
Matter

Search for ultra low-mass dark matter Chevalier Search for ultra low-mass dark matter
‘FA“;%re experiments. e = Future experiments: Orpheus
" Search for ultra low-mass dark matter
H = _IN Open Fabry-Perot resonator and a series of current-carrying wire planes
g . » Searches for axion like particles in the 68.2-76.5ueV mass range
_ E onsargers || Future experiments: Quax « Potentially searches in the mass range 40-400ueV in the future
% 10 /;1 Resonant cavity with 5 GaYIG . gaw~le,1/l
g’_ Y spheres inside
™

Reﬂectorji(
""""""""""""" cJ( _
R ol Sl s
: e : U
_ aveguide
Search for ultra low-mass dark matter Illl Search for ultra low-mass dark matter loupling
Future experiments: " Future experiments: Shuket
MadMax y a (SearcH for extra-U(1) darK matter with a sphErical Telescope) = 23
« dish antenna

* no B field = hidden photon

58525 8N ams Radius of curvature of the dish
xion mass

Magnetized

! metallic dish antenna | Low-noise
% () amplifiers
™
'W GHz waves e Spectrum
| AR analyzer
£ ] B Shielding

......... E % Dielectric
< Haloscope
3 (80 disks)
o

Lt 1 it
2 i1

10’
Ja [GeV]
|

|
109

m . L
10°¢ 107 10~ 20

mg V]

MMMMM

Several experiments coming online to look for ultra low mass DM

Key point: ultra low-mass DM is bosonic, and acts more as a field than as
particle. Look for SM particle coupling to field.




ACCELERATOR SEARCHES
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Searches for DM Candidates at the LHC

.
Gomez-Ceballos Dorigo Martine
- o DiviResults of Boosted Dijet Search
ono-je ono qq a 0 @ o
.o
Limits for different mediator types and for different coupling strengths Results of search can be cast in context of simplified DM model. Su m ma ry M ono-x + Dljets >WM<
[E— [e— ATLAS .
; o . ExPERTMENT 0
8 95% CL limits are reported in Mp,:M,.4 plane (dashed=exp limits) . . . -
2 Branching fraction of 100% is assumed for a leptophobic vector mediator decaying to dijet{ _ > DM Simplified Mode‘l Excluslolns AITLAS P‘rellmlnary J'I"Iy 2017 .
The exclusion is computed for a quark coupling choice g, = 0.25 and g, = 1. s F = 4 ?“e" . .
Excluded regions also shown from the dijet resolved analysis[1] % [ ] o ‘,j;i?;:ﬁjb,
g )
o ‘ B AL B - = pijets Tev
Results are compared to constraints 3 ‘400_ CMS CelrimeiER | [ ] 15-8TeV, 203"
| from cosmological relic density of %1200, Vector mediator _‘;““W“’: o L x ] Phys. Rev. 0,91 052007 2018)
o . 5 O — "
e e DM (light gray) determined as £ b | Grmciemenon it 08 | & | = Diet TLA
' described in[2] from astrophysical 10001 | g =025 — Resolved dijet |} N + ] Vs =137TeV, 3.4 1b"
391" (13 TeV) 9L 13T measurements [3,4] using MADDM. r 12,977 [38] [ ’c; ] ATLAS-CONF-2016.030
2 ettt E i3 Bl osf | © 4 = Diet+ 1sR
[ & 600 i r 1 V5= 13TeV, 155 6"
¥ [1] CMS Coll., Phys. Lett. B 769 (2017) 520 £ H r 1 ATLAS.CONF2016.070
8 [2] T. du Pree, K. Hahn, P. Harris, and C. 400 k [ = gmiss
Roskas, arXiv:1603.08525 (2016) F f 04 . ] ‘E_ﬁ w": -
[3] WMAP Coll., Astrophys. J. Suppl. 170 2001 H L b 1 e oo
E 1 4 . I I L P4 1 — gmiss,;
p71 50 102 2:10° 502 100 2x10] 0.21-- / Axial-vector mediator, Dirac DM ] Er™jet
- - - . L m. (G B 1 anc 4 = Vs = 13 TeV, 36.1 fb
0w Gev] . [GeV] E CF LT T ATLAS-CONF-2017-060
5 e BN R ST B
- - - o e e e EPSESSCL ET4Z
Control and validation regions Result 20T 001
ATLAS-CONF 2017040
= 1 29
Kitali * No significant excess over the SM prediction observed e
* WH+jets estimated using W — ev/pv control regions * Set limit on signal strength p at 95% CLs for each 2 et
signal model and interpreted them into limit on: e oL
* Wsp ~ Wsp/Wer)MEx Weg € P ot bt GRS
. . - * DM and mediator mass for mono-V model 10
. Fi miss . — Misspq] _ i
Fits to 7" and transverse mass: mp = \/ZpTET [1 — cos(Ad, pyiss)] + branching ratio of H->invisible decay M
* cross section for mono-Z' model 10F
3 T T T T T, T T -
8,00 ATLAS Multijets &1 arLas Multijets Sy,
P 20.3fb", 8 TeV Wai 3 o 20.3b". 8 TeV Wajets redsea = Obsorved95%
g , +lets § S TWs v | Moz ounrigs e PSS CL
S SR1W = ev S SR1 W= pv -z 10 s Soaor ¢ d
E Control Region .z 1  £,02L Control Region . Other 083 058 08 042 i
2102 [l Other - 2 —e— Data
u p == —e—Data q W e e i = T T T T T T T
3 T 6001 ATLAS Preliminary —— Observed 95% CL|
—— ] 10 oA VE=13TeV, 36.11b" . Expected 95% CL
10 - —_— +—+— € 500 Mono-WizZ(qa: Vector, Dirac (tloand £20) 5
-+ E + 51 =0.25, gou - 1.0 Riekc density g WF
— —+— 3 g ATLAS Py
400 < Sy —— OwsenedssucL
1 —_— - B o wmra i e BT
1] = 2 300 E § | e
g5 £ s —+— g o
R e S S = = 1 e T S, S 200 \ 4 oL ™
a 0.5E +_+_ E 805 —+= i .
O 20730 60 80 100 120 140 160 180 200 % 2040 60 80 100 120 140 160 180 200 1001 - E o
m[GeV m;[Ge | . S L | ol " "
200 400 600 800 1000 1200 1400 o0 AD T Wa n
m; [GeV] g

» Several talks about searches for different topological signatures at the LHC

* As an outsider, biggest questions are: how they all tie together, and what are the
implications for WIMPs as DM
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Event topologies

/

di-jet + MET

mono-jet

/
g

h )
/
/
?:h x
<
g X
J

mono-higgs

q q/t
>\ZK
q a/Y

resonant searches:
di-jet, di-leptons. ..

(g t/b )
X
__< )

¥ t/b )

di-top/bottom + MET



Event topologies

/

N
mono-jet
‘e = e a
Q(QQQ, {\X i 3
K ’
¢ t X
@
\9995 { g X
I X - Y,
di-jet + MET mono-higgs

/Y
resonant searches:
di-jet, di-leptons. ..

(g t/b )
X
__< )

¥ t/b )

di-top/bottom + MET

27



h!ﬂ '\!ﬁ '\!ﬁ
T r: 4

Event Topologies

Dorigo

SEARCHES IN DUJET EVENTS

i CMS Experiment at the LHC, CERN
5 Data recorded: 2016-May-11 21:40:47.974592 GMT

Run / Event / LS: 273158 / 238962455 / 150

M, = 7.9 TeV

Martinez

£

ATLAS F— i OATLAS

EXPERIMENT EXPERIMENT]
=
= e L,,, —— — /‘
M

-

Run: 302393
Event: 73894152918
2016-06-20 07:26:47 CEST
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* What’s missing in the complementarity diagram

DM

SM i

SM a SM

SM SM

« Important point: for many models, the strongest constraint on thermal DM comes
from searches for the mediator, i.e., di-jet searches.
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o

* Mono-jet search (red) looks for missing transverse energy from DM particle but

DM Implications of LHC Searches

E

b3
o

E

DM Mass [TeV]

o
=<

|

EN

4

{5 DM Simplified Model E

/
/
| / _|
1 /
/
/
08 | & -
+
2
o6 | © -
0.4 —
0.2~ Axial-vector mediator, Dirac DM \]
_ 9,=0259=0,9,
- ; /IE%“ . i . :Allllin'lnitsl atlgé‘:%.CIT | o -/
0 15 ~>~2 25 &

Summary Mono-X + Dijets M

X

clusions ATLAS Preliminary July 2017
"B T A D/ L B

/

T

Mediator Mass [TeV]

WSEDS Workshop, M. Martinez

1 = Dijet

Ys=13TeV,37.0fb"
arXiv:1703.09127 [hep-ex]
— Dijet 8 TeV
Ys=8TeV, 203 fb"
Phys. Rev. D. 91 052007 (2015)
— Dijet TLA
Ys=13TeV,34fb"
ATLAS-CONF-2016-030
— Dijet + ISR
Vs=13TeV, 155"
ATLAS-CONF-2016-070
— miss
Er T +y
Ys=13TeV, 36.1 fb™
Eur. Phys. J. C 77 (2017) 393
= ET+jet

Ys=13TeV, 36.1 fb™
ATLAS-CONF-2017-060

] = EMsyz

Ys=13TeV, 36.1 o'
ATLAS-CONF-2017-040

29

Martinez

is limited by high missing energy cut need to reduce background

* Di-jet search (blue) looks for DM mediator particle producing pairs of SM
particles and can reach higher energies

30
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Non-WIMP Accelerator Searches

vy

Williams

Timing detectors

@ Measure the vertex position using proton
time-of-flight: allows to determine if
protons originate from main interaction
vertex

@ Requirements for timing detectors

o 10 ps final precision (factor 40 rejection
on pile up)

o Efficiency close to 100% over the full
detector coverage

o High rate capability (bunch crossing
every 25 ns)

e Segmentation for multi-proton timing

o level 1 trigger capability

e Utilisation of quartz, diamond, gas or
Silicon detectors

Searching for DM and ED at the LHC with intact protons

Searching for anomalies in the proton scattering near the LHC beamline

caused by new operators.

Technical challenge, reducing the beam backgrounds, requires amazing

time resolution (~10 ps)
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INDIRECT DETECTION
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What signal would DM annihilation to y-rays

o

make?
~ 14
e, ermd Dark Matter as Seen From Earth
o S
Galactic Center .
Satellites Milky Way Halo

Isotropic contributions

Features in y-ray and

h Galaxy Clusters
cosmic-ray spectra

Dark Matter simulation: Pieri+ (2011)
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»

DM limit improvement estimate in 15 years (2008- 2

10724}

10728

(ov) (cm3s

10727 ¢

Morselli

Together Fermi and CTA will probe most of the space of WIMP models with thermal relic annihilation cross section

Alda Mawaalls

34

Summary of Indirect Detection Searchs

N2 2\ I
Gomez-Vargas

(At Main target for CTA-South: Galactic Center

10726

15 dSphs, 6 Years

15 dSphs, 15 Years
45 dSphs, 15 Years
Pass 8 Combined dSphs (15 dSphs, 6 Years)
H.E.S.S. GC Halo

| @ 1@ Abazajian et al. 2014 (10)

Gordon & Macias 2013 (20)

- — Daylan et al. 2014 (20)
Calore et al. 2015 (20)

———
—— —— £ P ———

STal

LAT data 05 GeV - 1 TeV/

+ Strongest
concentration of
dark matter in our
cosmic
neighbourhood.

* Many other sources - i
of VHE gamma rays:
— Supernova

remnants.
— Pulsars.

— Cosmic rays hitting = | 7]
molecular clouds.

— PeVatron?
* Need good models to - |
disentangle.

Relic Cross Section

Fermi 15 Years, 45 dwarfs

(St (‘ig‘mW_

TNTENT P rvn Tav Vovanta

102 103

DM Mass (GeV/c?)

10!

Yud Warld Cinnmmite Cvnlavina ths Navl Cidas af ths TToivsre »

10

TTuaivinrcitn Af Antilloe I8 ThmsINTR AA
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The unexplored MeV energy band

5]e-ASTROGAM  Performance assessment

,SPI
9 g

10 /&//COMPTEL
-10) . 7
10 / EGRET

Sensitivity (erg em? st
=

[y
=]

- -
(=] (=]
E
E
E
E
.
=
>
>\
wn
O'

2 o 2 3 2 5 s 7 5 5
107 10 1 10 100 100 100 100 10° 10 10 10

both tools based on Geant4 — and a detailed numerical

=S t>l\ mass model of the gamma-ray instrument

% @ e-Astrogam: arXiv:1611.02232

Morselli

E CTA North

1of TBIS/ISGRI Fermi-LAT MA€IC

3 -ASTROGAM -

E TEM.X € ~"" ./ HiSCORE
3 CTA Southn\y--"

10
10

Energy (MeV)
» e-ASTROGAM performance evaluated with MEGAIib and —

52

Great science case for MeV mission, current designs are 100x more

sensitive than COMPTEL.
Such missions would be sensitive to low-mass WIMPs
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COSMOLOGY & ASTROPHYSICAL
DARK MATTER
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Inferred DM constraints

Stability regions* O(h%)

The potential depends
on the Higgs and Top mass

1

Vet = Z)‘eff(ﬁb)ﬁbél

Stability

>
o
O
g
=
wn
£
g
=%
o
=

where

Ananeqmuod-uoN |

;)— 50 100 = 200 d)\eff = ﬁ)\ — 4’)’)\eff

Higgs mass M}, in GeV d ln ¢

*Degrassi et al arXiv:1205.6497

“There is observational evidence that the false vacuum has not decayed by
seeded nucleation” -> no PBHs below 10'°g




Recent “excesses/anomalies”

38

Vincent

3.5 keV line

21 cm (EDGES)

AMS-02 antiprotons
PAMELA/AMS positron
Galactic centre GeV excess
Solar composition problem
White dwarf cooling anomaly

need strong
corroboration
because
astrophysics is
not a controlled
setting:
backgrounds
are difficult to
model



Complete constraints on a WIMP origin of 511 keV

Thanks to Planck-provided Iikelillf_)ods, can MCMC:
1% e~

1000 1000

I Real Scalar XX Einasto
I Dirac Fermion [7777] NFW
I Non-thermal

I Real Scalar XY Einasto
I Dirac Fermion [7777] NFW
I Non-thermal

—_
o
o
—_
o
o

v sector e” sector

-
o
T
-
o
T

(6 Wgre /€ [x 1073 em®s7]
(0 Ve /€ X103 em3 )

mpy [MeV] mpy [MeV]

WIMP scenario seems disfavoured

Wilkinson... AV 2016 o7

Vincent

Key point here: this analysis is testing DM interpretation of Integral 511
keV data by comparing results to the non-observation of DM annihilation

products ionizing the CMB.
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E3 Flux [GeV3/(s sr m2 GeV)]
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From questions and discussions:
what about cosmic rays?

|

AMS 2016

Dark Matter

S [n iC
Ra Vs With
ISM

Energy [GeV]
| 1 b0 o3 o33l
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* DM Limits from Cosmic-Ray Spectra
AMS-02 electron and positron fluxes 3AMS-02 and PAMELA anti-proton fraction
300 ——rrrrT — — 10~ ' , — , .
- ' ' ] ¢ PAMELA 2012 Giesen+
= C 1 — ¢ AMS-022015 v
> 250F- o5 = arXiv:1504.04276
i " Electrons ] - S ¢
" N R 1 & -
L 200F N * H ¢ 207 10
N> N +++ H'++++H : (\E ea.
& 150F . o 15 @ >
— N ¢ M’“ } S A
m-@* 100F ¢ ..o‘° Positrons t . *10— o 10-3 — Fiducial
L - .‘.. 1 Tu ° Uncertainty from: Cross-sections
2 o’ . Propagation
S0 - e o ] B Primary slopes
C . .l. | l ] Solar modulation
O_.lll L [ A N [ N B N —6 , i s ) L
1 10 102 10° 10 1 5 10 50 100
Energy [GeV] Kinetic energy T [GeV]

« Extracting constraints on DM cross section from anti-particle fluxes
requires detailed modeling of source populations, cosmic-ray propagation
and other astrophysical effects (see sources of uncertainty on right
figure).
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Published Limits from Anti-Proton Spectra

v -> bb channel
B A.MS._.a_ntl_p_roton__(G_l..e.s_en_t._2._0_15_)_.._._._.___.____._______._..._.____....__._._____._._..________.__._. ________________________________
AMS: antiproton (Hooper+ 2014)
AMS: antiproton (]|n+ 2015)
These limits were derlved from the sameantl- 77777777
proton spectrum (and similar cosmlc ray
_____ Propagat'O”mOde'S)
B e Thermal Relie Cross Section |
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. —— Calore+2014
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The Good News

* No convincing (or even particularly compelling) DM signals in any
searches: be they direct, indirect or accelerator-based

« Some things that have been interpreted as signals are now strongly
disfavored by other measurements (e.g., DAMA/LIBRA) or face
strong competing hypotheses (e.g., positron fraction, Galactic center
GeV excess)

« This is a great application of the scientific method: we are finding ways
of testing (and falsifying) hypotheses & developing new hypotheses

« Dark matter is more interesting that a simple ~100 GeV thermal relic
WIMP
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The Even Better News

« Many impressive efforts are underway:

« to understand what the astrophysical data are telling us about the
nature of dark matter

* to continue to test the dominant WIMP paradigm by building more
sensitive experiments and better understanding backgrounds

» to develop ways to test other types of DM candidates

* This is a great application of the scientific method: we are finding ways
of testing (and falsifying) hypotheses & developing new hypotheses

 We know that dark matter exists, perhaps we might be very lucky the
discover that its particle nature is more interesting than, say, a ~100
GeV thermal relic WIMP from one of the simpler SUSY models



QUESTION: WHAT IF NATURE IS UNKIND AND DARK MATTER
INTERACTIONS ARE NOT EASILY DETECTABLE?

OR

WHAT ELSE CAN WE LEARN ABOUT DM FROM
ASTROPHYSICS?
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Understanding the Astrophysical Nature of DM

https://Isstdarkmatter.qgithub.io/
cold dark matter warm dark matter

—

Lovell+ (2012) -

« Wide-area surveys (DES, Pan-STARRS, Gaia, LSST) identify and
characterize DM-dominated structures
* Modern numerical simulations improve our understanding of the

dependence on cosmology, DM particle properties, “baryonic” effects in
structure formation
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Aside: Strong Lensing
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Einstein Ring Einstein Cross Weak Lensing

Light will appear for lines of sight where the gradient of the travel time is
small: This includes minima, maxima and saddle points.
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Aside: Gravitational Lensing

ESA/Hubble & NASA
(Astronomy Picture of the Day 2011-12-21)

Gravitational time dilation means that light from lensed galaxy (behind) reaches
us more quickly by travelling around the lensing galaxy (in front).
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Aside: Strong Lensing
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Key point for us: a strong lens creates a number of directions where the
light travel time surface is flat: our sensitivity to lensing from sub-halos
along these lines of sight is vastly |mproved

L(x)

VI

Einstein Ring Einstein Cross Weak Lensing

Light will appear for lines of sight where the gradient of the travel time is
small: This includes minima, maxima and saddle points.



Measuring Strong Lensing Substructure Will 50
* Resolve CDM v. WDM

+JBCLC | Detecting substructures with
strong lensing

Vegetti & Koopmans ‘09

Mg, = 108 M,

Data Model

Arcsec

Arcsec Arcsec

Can deteCt SUbhalos as Sma” as 107 Mo [Institute for Computational Cosmology]
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Other upcoming inputs from astrophysics

51

Gaia is measuring proper motion and peculiar velocities of the stars in
our galaxy and tracing out the Galactic gravitational potential

Large scale surveys (DES, Pan-STARRS...) are finding new dwarfs and
comparing properties to numerical simulations

Gravity wave experiments are teaching us about the BH mass function
and merger rate

Neutrino astronomy is pushing observable horizon for high-energy
events

Cluster mergers / kinematics are teaching us about dark matter self-
interaction rate

Cosmology is pinning down the process of structure formation
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Thank You




